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I N T R O D U C T I O N
Persistent inward current (PIC) has been found in many types of neurons in vertebrates. PIC was first reported in cat lumbar motoneurons in the 1980s (Schwindt and Crill 1980a,b) and later in spinal interneurons (Hounsgaard and Kiehn 1993; Hounsgaard and Kjaerulff 1992; Morisset and Nagy 1996; Russo and Hounsgaard 1996; Theiss and Heckman 2007) and other neuron types. Activation of PIC leads to a production of plateau potential and bistable firing (Bennett et al. 2001; Hounsgaard and Mintz 1988; Hounsgaard et al. 1984 Hounsgaard et al. , 1988a Lee and Heckman 1998a; Li and Bennett 2003; Li et al. 2004 ); amplification of synaptic inputs (Lee and Heckman 2000; Powers and Binder 2000; Prather et al. 2001 ; see for review); increase in firing frequency (Bennett et al. 1998b; Lee and Heckman 1998b) ; and change in spike initiation (Harvey et al. 2006c; Kuo et al. 2006; Lee and Heckman 2001) . PIC is mediated by a TTX-sensitive sodium component (Crill 1996 (Crill , 1999 Harvey et al. 2006c; Kuo et al. 2006; Lee and Heckman 1999; Li and Bennett 2003; Powers and Binder 2003; Stafstrom et al. 1982 Stafstrom et al. , 1985 Theiss and Heckman 2007 ) and a dihydropyridine (DHP)-sensitive calcium component (Carlin et al. 2000; Hounsgaard and Mintz 1988; Lee and Heckman 1998a; Li and Bennett 2003; Moritz et al. 2007; Powers and Binder 2003; Schwindt and Crill 1980a,b; Svirskis and Hounsgaard 1997) . Each component plays a different functional role in different neurons. The calcium component of PIC (Ca-PIC) is mediated by Cav1.3 channels distributed on dendrites (Carlin et al. 2000; Hounsgaard and Kiehn 1989; Li and Bennett 2003; Schwindt and Crill 1980a,b; Simon et al. 2003; Svirskis and Hounsgaard 1997; Westenbroek et al. 1998) . It is mainly responsible for generation of plateau potentials and contributes to bistable firing and dendritic amplification in spinal neurons (Bennett et al. 1998a,b; Conway et al. 1988; Hounsgaard and Mintz 1988; Hounsgaard et al. 1988a,b; Lee and Heckman 1998a,b; Li and Bennett 2003; Schwindt and Crill 1980a,b; Simon et al. 2003) . The molecular subtype of sodium component of PIC (Na-PIC) is unknown (Crill 1999; Heckman et al. 2008) . However, this current has been shown to have diverse functions with different types of neurons and systems. Activation of Na-PIC amplifies dendritic current in rat pyramidal neurons (Crill 1999) and facilitates spike initiation and repetitive firing in rat and mouse spinal neurons (Harvey et al. 2006c; Kuo et al. 2006; Lee and Heckman 2001; Theiss and Heckman 2007) . In sacrocaudal motoneurons, however, Na-PIC (Ca-PIC as well) is shown to be responsible for spasticity in chronic spinal rats (Li and Bennett 2003) . Recent studies showed that Na-PIC plays an essential role in generating locomotion (Rybak et al. 2006a,b; Tazerart et al. , 2008 Zhong et al. 2007 ) and promoting respiratory rhythm generation in rodents (Del Negro et al. 2002a ,b, 2005 Pace et al. 2007 ). All these studies have indicated that PICs are very important ionic currents that play various functional roles in rhythmic motor systems.
One of the essential properties of PIC is its ability to be modulated by monoamines such as 5-HT. The serotonininduced enhancement of PICs (both Ca-and Na-PIC) has been reported in spinal and brain stem motoneurons (DelgadoLezama et al. 1997; Harvey et al. 2006a Although PIC has been studied intensively in many types of neurons, the biophysical parameters of this current and its modulatory properties by neurotransmitters in spinal interneurons, especially interneurons that participate in generation or mediation of locomotion, are still missing because of the technical difficulty in identifying locomotor interneurons in the spinal cord. Using cfos-EGFP transgenic neonatal mice, we recently demonstrated the ability to study interneurons activated by a locomotor task ( Dai et al. 2009b) . In this study, we characterized PIC in EGFP ϩ neurons with its electrophysiological and pharmacological properties. Previous studies have shown that 5-HT is necessary to produce locomotor-like activity in isolated spinal cords of neonatal rats and mice (Cowley and Schmidt 1994; Hochman et al. 1994; Jiang et al. 1999; Kiehn and Kjaerulff 1996; Maclean et al. 1995; Smith and Feldman 1987; Smith et al. 1988) . We therefore studied the modulation of PICs by 5-HT in EGFP ϩ neurons. Preliminary data of this study has been published (Dai and Jordan 2006) .
M E T H O D S
The animal protocol was approved by the University of Manitoba Central Animal Care Services and conformed to the standards of the Canadian Council on Animal Care.
Preparation of slices and patch-clamp recordings
The Cfos-EGFP transgenic mice were used in this study. Production of the transgenic mice was described in our recent study (Dai et al. 2009b) . Experiments were carried out on neonatal (P6 -P12) Cfos-EGFP mice. A locomotor task (swimming) was induced in the animals before preparation of slices. Details of inducing locomotion were described in our recent studies (Dai et al. 2009b) . Briefly, the mice were held in place with a length of paper tape 1 cm wide and 8 cm long placed around the animal's thorax. The tape allowed the mice full range of motion in all limbs and allowed normal breathing. The ends of the tape were placed in a clamp attached to a calibrated microdrive. This device lowered the mice into the water bath and also tilted to allow the head of the mice to remain above the surface of the water at all times. The duration of the task was 60 -90 min, and water temperature was maintained at 26 -30°C.
The procedure for the preparation of spinal cord slices was similar to that previously reported (Dai et al. 2009b) . Briefly, after the locomotion task, the mice were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg). The spinal cords were dissected. Slices were cut at thickness of 250 -300 m from T 12 to L 4 segments and remained in the recording artificial cerebrospinal fluid (ACSF) for at least 1 h before the patch-clamp recordings. The slices were transferred to a recording chamber mounted in the stage of an upright Olympus BX50 microscope fitted with differential interference contrast (DIC) optics and epifluorescence. The chamber was perfused with recording ACSF at rate of 2 ml/min, bubbled with 95% O 2 -5%CO 2 . The EGFP-positive neurons were identified at ϫ40 magnification using epifluorescence with a narrow band GFP cube. The neurons were visualized using infrared cube and patched using glass pipette electrodes. The lamina VII, VIII, and X were set as target area in this study. Only neurons in this area were selected for patch-clamp recordings (Dai et al. 2009b ). The pipette electrodes were pulled from borosilicate glass (WPI, MTW 150F-4) using electrode puller (P-87, Sutter Instrument) and had resistances of 5-8 M⍀ when filled with intracellular solution. A MultiClamp 700A patch clamp amplifier, Digidata 1322A A/D converter, Minidigi 1A, and pClamp (9.0) software (all from Molecular Devices) were used for data acquisition. Data were low-filtered at 3 kHz and sampled at 10 kHz. Whole cell patch recordings were made in voltage-clamp mode with series resistance (10 -30 M⍀) compensation by 70 -80% and in currentclamp mode with bridge balance and capacitance compensation. The data were analyzed using the self-written codes with Igor Pro and Axon Clampfit (9.0). Student's t-test (paired and 2 samples) and ANOVA (single factor) were performed with statistical significance defined as P Ͻ 0.05. Results are shown as mean value Ϯ SD.
Measurement of PIC
PIC was recorded by applying a family of slow voltage bi-ramps with duration of 10 s, steps of 30 mV, and holding potential of Ϫ70 mV (Fig. 1A ). The leak current was subtracted from the recordings before calculating the biophysical parameters. PIC evoked in the ascending phase of the voltage ramp was used to calculate the (PIC) . A: PIC (top traces) was recorded through a family of 10 s voltage bi-ramps held at Ϫ70 mV with peak step of 30 mV (bottom traces). The leak current was subtracted from the raw recordings before calculating the biophysical parameters of PIC (middle traces). B: the last trace evoked by the 3rd ramp in A was used for demonstration of calculating PIC parameters. After leak subtraction, a straight line (dashed line) was drawn alone the rising phase of the current trace. The last point where the straight line was tangent to the current trace was defined as the onset of PIC (I o ), and the corresponding voltage on the voltage ramp was defined as the onset voltage of PIC (V o ). The lowest point on the current trough was defined as the peak of PIC (I p ) and the corresponding voltage as peak voltage (V p parameters. Details of the calculation are shown in Fig. 1B . After leak subtraction, a straight line (dashed line) was drawn alone the rising phase of the current trace. The last point where the straight line was tangent to the current trace was defined as the onset of PIC (I o ), and the corresponding voltage on the voltage ramp was defined as the onset voltage of PIC (V o ). The lowest point on the current trough was defined as the peak of PIC (I p ) and the corresponding voltage as peak voltage (V p ). The amplitude of PIC was calculated as the difference between I o and I p , i.e., PIC ϭ I o Ϫ I p . In some cells, a manual adjustment was required to determine the points for I o and I p to avoid the errors generated from noise, excitatory postsynaptic currents (EPSCs), or inhibitory postsynaptic currents (IPSCs). The current trace between I o and I p was fitted by a single exponential function f(t) ϭ exp(Ϫt/) for estimation of time constant () of PIC activation and by the Boltzmann equation
for determination of half-maximal activation (V mid ) and rate of activation (V c ) of PIC.
During the experiment, the recording protocols were repeated three to five times in each of conditions (control, drugs, and washout), with 30 -40 s between two successive recordings. Normally recordings were made 2-8 min after drug application and repeated for 10 -15 min before switching to new conditions. The data were averaged from two to five trials for measurement of PIC parameters. Comparisons of the parameters were made only with PICs recorded from the same slope of the voltage ramp. All recordings were made at room temperature (20 -22°C).
Images of labeling cells
Some cells were labeled with 0.5-1% lucifer yellow in the recording pipettes. Slices were fixed for 2 h with 4% paraformaldehyde after the recordings. They were mounted on slides, allowed to air dry, and coverslipped with Vectashield mounting medium (Vector Laboratories H-1000). The slides were scanned and photographed with either a confocal laser scanning microscope (Olympus Fluoview 2.1) or a Zeiss microscope (Axioskop 40). The images of cells were used to study the morphology and laminar distribution of the cells.
Solutions and chemicals
EXTRACELLULAR SOLUTIONS. The dissecting ACSF contained (in mM) 25 NaCl, 188 sucrose, 1.9 KCl, 1.2 NaH 2 PO 4 , 10 MgSO 4 , 26 NaHCO 3 , 1.0 CaCl 2 , 1.5 kynurenic acid, and 25 glucose. The recording ACSF contained (in mM) 130 NaCl, 4.5 KCl, 1.25 NaH 2 PO 4 , 1.25 MgCl 2 , 26 NaHCO 3 , 2.5 CaCl 2 , and 10 glucose. pH was adjusted to 7.3-7.4 with KOH when bubbled with 95% O 2 -5% CO 2 . Osmolarity was adjusted to 310 -320 mOsm by adding sucrose to the solution.
INTRACELLULAR SOLUTIONS. The intracellular solution contained (in mM) 135 CsCl, 20 TEA-Cl, 5 MgCl 2 , 2 BAPTA, 10 HEPES, 5 Na 2 ATP, and 0.5 Na 3 GTP. pH adjusted to 7.3 with CsOH/HCl. Osmolarity is adjusted to 305 mOsm by adding sucrose to the solution.
BLOCKERS. Recordings were made with APV (20 M), CNQX (10 M), bicuculline (10 M), strychnine (10 M), TEA (10 mM), and 4AP (5 mM) in the recording solutions; 1-5 M TTX was used to block the TTX-sensitive sodium PIC and 20 -30 M nifedipine, nimodipine, or isradipine was used to block the dihydropyridine (DHP)-sensitive calcium PIC. All chemicals were purchased from Sigma-Aldrich unless otherwise noted.
R E S U L T S
This study was composed of two parts. In the first part, we characterized PIC in EGFP ϩ neurons. Toward this end, we studied patterns of PIC, differentiated PIC based on its sodium and calcium components, and calculated the biophysical parameters for the PICs. In the second part, we studied the modulatory properties of PIC by 5-HT.
Nature of ascending and descending PIC
Based on our recording protocol (see METHODS) , the PIC could be classified as an ascending PIC (a-PIC) evoked in the rising phase of the voltage bi-ramp or a descending PIC (d-PIC) generated in the falling phase of the bi-ramp. Although PIC has been described in this way in many studies, the ascending and descending PICs are actually an artificial description of the PIC. In fact, these two PICs can be merged into one single PIC (s-PIC) provided that the slope of the voltage ramp is set appropriately. An appropriate slope maintains balance between the inward currents mediated by PIC and outward currents mediated by potassium leak currents. It depolarizes the membrane potential high enough to activate PIC but low enough to minimize the outward currents. In this case, only a single PIC is induced by the voltage bi-ramp. Four examples of s-PIC are shown in Fig. 2 , where PICs are evoked by a family of slow voltage bi-ramp (Fig. 2 , A-D, bottom traces; see METHODS for detail) in four EGFP ϩ neurons. The first two voltage ramps produced only passive responses from the membrane leak currents in these neurons. With increase of the ramp slope (note: the slope of the first ramp was 0), however, the third ramp induced an s-PIC with either equal halves (marked with arrows in Fig. 2, A and B) or unequal halves (arrows in Fig. 2 , C and D) of the PICs crossing both phases of the ramp. A further rising of the slopes also increased the leak currents that generated a ramp-shaped outward current and separated the s-PIC into a-PIC and d-PIC in the fourth and fifth ramp. The unchanged amplitudes of the PICs induced in the last three ramps in Fig. 2A suggested that the maximum conductance of the PIC was approached in this neuron. In Fig.  2B , however, the s-PIC was smaller than the fourth and fifth a-PICs, suggesting that the third ramp was not high enough to activate the s-PIC completely in this neuron. In contrary to Fig.  2B , the s-PICs were larger than the fourth and fifth a-PICs in Fig. 2 , C and D, and the amplitudes of the a-PICs decreased with increase of the ramp slopes, suggesting that the s-PICs had approached the maximum PIC conductance in these two neurons. The reduction of the fourth and fifth a-PICs was caused by the increase of the leak currents that counterbalanced the maximum PIC.
An interesting phenomenon observed in this study was the slope of ramp for induction of s-PICs. In 15 EGFP ϩ neurons in which the s-PICs were observed, the s-PICs were induced by the third ramp (slope of 12 mV/s) in 87% of the neurons (13/15), by the second ramp (6 mV/s) in 6% (1/15), and by the fourth ramp (18 mV/s) in 6% (1/15). The s-PIC was shown to be highly correlated with the slope of 12 mV/s. In contrary to the slope, however, the patterns of s-PIC appeared to be evenly expressed in these neurons. Of the 15 neurons, 27% of them (4/15) displayed the s-PIC as the pattern shown in Fig. 2A (i.e., the symmetric s-PIC to the midline with completely activating the PIC conductance), 27% (4/15) as the pattern in Fig. 2B (symmetric s-PIC with partly activating the PIC conductance), 20% (3/15) as the pattern in Fig. 2C (the left-centered s-PIC with or without completely activating the PIC conductance), and 27% (4/15) as the pattern in Fig. 2D (the right-centered s-PIC with or without completely activating the PIC conductance). Furthermore, with only small variation, the onset of s-PIC was almost equal to its offset in the symmetrical pattern (Fig. 2 , A and B; n ϭ 8), and no (or very small) hysteresis of the s-PIC could be generated in this pattern (Fig. 2, A and B, insets) . On the other hand, however, the onset was usually more hyperpolarized than the offset in the left-centered s-PICs ( Fig. 2C ; n ϭ 3) but more depolarized than the offset in the right-centered s-PICs ( Fig. 2D ; n ϭ 4). These resulted in a counterclockwise hysteresis for the left-centered s-PICs (Fig. 2C , inset) and a clockwise hysteresis for the rightcentered s-PICs (Fig. 2D, inset) . Finally, as shown in Fig.  2A , the onset of s-PIC (Ϫ54.2 mV) was not substantially different from the onsets of the a-PICs (Ϫ55.6 and Ϫ56.8 mV). The similar results were also obtained in other three neurons in Fig. 2 , B-D (data not shown). The above results indicated that the s-PICs were different from the a-PICs in the slope of voltage ramp for induction but not the voltage for activation. The unique properties of s-PIC suggested that this special form of PICs might play an essential role in regulation of neuronal excitability and firing patterns.
The above results show that a single PIC can be induced by a voltage bi-ramp with appropriate setting of its slope. In most of the experiments, however, the dynamic range for setting the slope to induce a full s-PIC was narrow. Therefore the voltage bi-ramp usually induced either two PICs (a-and d-PIC) or a small s-PIC. For this reason, the a-PIC and d-PIC are the most observable recordings of PIC induced by voltage ramp and a common measurement for characterization of PIC. In this study, we use a-PIC to calculate the biophysical parameters of PIC in EGFP ϩ neurons. ϩ neurons. PIC could be evoked as a single PIC (s-PIC) or ascending and descending PIC (a-PIC and d-PIC), depending on the slope of the voltage ramps. One s-PIC (marked with arrow) and 2 a-PICs were induced by the 3rd, 4th, and 5th ramp, respectively, in A-D. A: the s-PIC was symmetrical to the midline (dashed line) with amplitude approximately equal to the amplitudes of the a-PICs. The onset of the s-PIC (Ϫ54.2 mV) was almost the same as its offset (Ϫ53.0 mV), and no hysteresis of the s-PIC was generated in this neuron. No substantial difference was found between the onsets of the s-PIC and a-PICs (Ϫ55.6 and Ϫ56.8 mV). B: similar to the s-PIC in A, the s-PIC was symmetrical to the midline, but its amplitude was smaller than the amplitudes of the a-PICs, suggesting that the s-PIC was not activated completely in this neuron. No hysteresis of the s-PIC was found in this neuron. C: the s-PIC was left-centered and produced a counter clockwise hysteresis of the s-PIC. D: the s-PIC was right-centered and generated a clockwise hysteresis of the s-PIC. The hysteresis of the s-PICs, which was generated by folding the s-PIC trace from the midline (dashed), is shown in the insets of A-D. The 4 s-PICs were induced by the 3rd voltage ramp with slope of 12 mV/s.
Six patterns of PIC
Because the time constant for activation of PIC is generally different from that for inactivation and the voltage dependency of PIC in the rising phase of the voltage ramp is not the same as that in the falling phase, the a-PIC and d-PIC are generally different from each other in shape, amplitude, and onset and offset voltages. These differences could result in six patterns of PIC in EGFP ϩ neurons as shown in Fig. 3 . The first pattern was shown as a large a-PIC versus a small d-PIC (Fig. 3A, left) . The amplitude of a-PIC was bigger than that of the d-PIC in this pattern, and the onset of a-PIC was approximately equal to the offset of the d-PIC. This pattern of PIC generated a counterclockwise hysteresis of PIC (Fig. 3A, right) and was observed in ϳ74% of the EGFP ϩ neurons (79/106). The second pattern of PIC was an inversed pattern of the first one (Fig. 3B, left) . In this pattern, the amplitude of a-PIC was smaller than that of the d-PIC, and a clockwise hysteresis of PIC was observed with the onset of a-PIC more or less depolarized than the offset of d-PIC (Fig. 3B, right) . About 4% of the EGFP ϩ neurons (4/106) displayed the PIC in this pattern. The third pattern of PIC had a-PIC only. The d-PIC was not expressed in this pattern, leaving a passive response from the leak current in the falling phase of the voltage bi-ramp (Fig. 3C, left) . Similar to the first pattern, a counterclockwise hysteresis of PIC was shown in this pattern (Fig. 3C, right) , but the amplitude of the a-PIC was usually smaller than that of the first pattern. This pattern of PIC accounted for ϳ5% of the EGFP ϩ neurons (5/106). The fourth pattern of PIC was shown as an opposite pattern of the third one. It had d-PIC only (Fig. 3D, left) . Rather than elicitation of a-PIC, a linear membrane response was observed in the rising phase of voltage bi-ramp and only d-PIC was induced in this pattern. This resulted in a clockwise hysteresis of PIC (Fig. 3D, right) . This pattern was observed in ϳ4% of the EGFP ϩ neurons (4/106). The fifth pattern of PIC was shown as a symmetrical pattern, where the d-PIC appeared to be a mirror image of the a-PIC with small variances in the onset of a-PIC and offset of d-PIC (Fig. 3E, left) . When the onset of a-PIC was more depolarized than the offset of d-PIC, a clockwise hysteresis of PIC was observed (Fig. 3E, right) . Otherwise, a counterclockwise hysteresis of PIC was formed (data not shown). This pattern was shown in ϳ3% of the EGFP ϩ neurons (3/106). The sixth pattern of PIC was shown as two successive a-PICs and one (or sometimes 2) d-PIC (Fig.  3F, left) . This pattern was a general case of the first pattern and had the same counterclockwise hysteresis of the PIC (Fig. 3F,  right) . About 10% of the EGFP ϩ neurons (11/106) displayed PIC in this pattern. The six patterns of PIC in EGFP ϩ neurons implicated multiple functional roles that PIC could play in regulating the neuronal excitability during locomotion.
Expression of PIC in spinal neurons
The expression of PIC in EGFP ϩ neurons has been reported in our recent study (Dai et al. 2009b) . Consistent with that report, we further showed in this study that PIC was widely expressed in both EGFP ϩ and EGFP Ϫ neurons. Results from 129 EGFP ϩ neurons and 72 EGFP Ϫ neurons are summarized in Fig. 4 . PIC was observed in 82% of EGFP ϩ neurons (106/129; Fig. 4A1 ). A further analysis shows that PIC was expressed in 78% of lamina VII (38/49), 84% of lamina VIII (22/26), and 85% of lamina X neurons (46/54). Of 106 EGFP ϩ neurons, PIC with counterclockwise hysteresis was shown in 90% of the neurons (95/106), with 36% of the neurons in lamina VII, 21% in VIII, and 43% in X (Fig. 4A2) . PIC with clockwise hysteresis was also seen in 12% of the EGFP ϩ neurons (13/109, note: extra 3 motoneuron candidates in lamina IX were included in Fig.  4A3 ), with 23% of the neurons in lamina VII, 15% in VIII, 23% in IX, and 39% in X. PIC was also expressed in EGFP (n ϭ 72) neurons, PIC was observed in 79% of the neurons (158/201; Fig. 4C ). Among these neurons, PIC was expressed in 78% of lamina VII (62/80), 84% of lamina VIII (36/43), and 77% of lamina X (60/78) neurons. In the preceding three cases (Fig. 4, A-C) , the expression of PIC was not significantly related to the lamina distribution of the neurons. These results suggest that PIC is a universal device widely expressed in spinal ventral neurons.
Multiple components of PIC in EGFP ϩ neurons
It is generally accepted that PIC is mediated by sodium and calcium components (Heckman et al. 2008 ). The sodium component is TTX sensitive, and the calcium component is DHP sensitive. To characterize these two components, we first differentiated them from the composite PIC. In this study, we defined the calcium component of PIC (Ca-PIC) as the current that is recorded with blockade of the TTX-sensitive PIC. Similarly, the sodium component of PIC (Na-PIC) is the current recorded with blockade of the DHP-sensitive PIC. Our experiments started with a description of the composite PIC in EGFP ϩ neurons. For simplicity, we designated the composite-PIC as PIC in this study.
PIC IN EGFP
ϩ NEURONS. The composite-PIC was recorded in normal ACSF with administration of transmission blockers and antagonists of potassium channels in most of the experiments (see METHODS). A set of biophysical parameters of PIC was calculated from the recordings of 63 EGFP ϩ neurons. The results are summarized in Table 1 . PIC was activated at Ϫ56.7 Ϯ 8 mV, with an amplitude of 85.3 Ϯ 59 pA and a peak voltage of Ϫ21.4 Ϯ 13 mV. The kinetics described by the Boltzmann function indicated that the half-maximum activation of PIC was Ϫ37.8 Ϯ 10 mV, activation rate was 5.6 Ϯ 2 mV, and time constant was 657.0 Ϯ 272 ms. These parameters of PIC generally agree with recent reports in neonatal rat ventral horn neurons (Dai et al. 2009a; Theiss and Heckman 2007) . The composite PIC displayed significant differences in some biophysical properties associated with laminar distributions. As shown in Table 1 , significant differences were found between ϩ neurons, PIC with counterclockwise hysteresis was shown in 90% of the neurons (95/106), with 36% of the neurons in lamina VII, 21% in VIII, and 43% in X (A2). PIC with clockwise hysteresis was also seen in 12% of the EGFP ϩ neurons (13/109), with 23% of the neurons in lamina VII, 15% in VIII, 23% in IX, and 39% in X (A3, note: extra 3 motoneuron candidates were included in lamina IX). B: PIC was also expressed in EGFP Ϫ neurons. Of 72 EGFP Ϫ neurons, PIC was shown in 72% of the neurons (52/72, B). Moreover, PIC was shown in 77% of lamina VII (24/31), 82% of lamina VIII (14/17), and 58% of lamina X EGFP Ϫ neurons (14/24). C: in a total of 201 neurons from both EGFP-positive (n ϭ 129) and -negative (n ϭ 72) neurons, PIC was observed in 79% of the neurons, where PIC was expressed in 78% of lamina VII (62/80), 84% of lamina VIII (36/43), and 77% of lamina X (60/78) neurons.
lamina VIII and VII neurons in voltage dependency (V o and V mid ) and between lamina VIII and X neurons in voltage dependency, amplitude, and time constant. No significant difference was found in PICs between lamina VII and X neurons. These results unveiled remarkable properties of PIC in lamina VIII neurons. Because PIC in these neurons possessed the lowest voltage onset (Ϫ60.2 Ϯ 7 mV), largest amplitude (103.3 Ϯ 73 pA), and biggest time constant (744.3 Ϯ 141 ms), it might allow lamina VIII neurons to play a unique role in the control of locomotion.
Ca-PIC IN EGFP
ϩ NEURONS. The Ca-PIC was recorded with TTX (1-5 M) in this study. In most of our experiments, TTX was administered to the recording solution as the background condition. In some of experiments, however, the composite PIC was recorded first and then Ca-PIC was recorded after bath application of TTX. In this case, both composite PIC and Ca-PIC were recorded from the same neuron as shown in Fig. 5A . PICs were induced by a family of voltage ramps in this neuron in both control and TTX conditions (Fig. 5A1) . The first two ramps generated only passive response from leak currents, but the third to fifth ramps induced three PICs successively (marked with 3, 4, and 5). Bath application of 5 M TTX reduced PIC amplitudes by 26% on average (22, 24, and 33% for the 3rd, 4th, and 5th PIC, respectively; Fig. 5A2 ) and depolarized the PIC onsets by 11.6 mV on average (12.6, 11.3, and 10.7 mV for the 3rd, 4th, and 5th PIC, respectively). The TTX-induced reduction of PIC amplitudes (Fig. 5A2) and depolarization of PIC onsets were not shown to be voltage dependent (not related to the slopes of voltage ramps). This example shows a general observation of TTX reducing the PIC amplitude and depolarizing the PIC onset in EGFP ϩ neurons. No significant difference was found in the amount of reduction of PIC amplitude and depolarization of PIC onset with TTX concentrations of 1-5 M. Results from five EGFP ϩ neurons showed that TTX significantly reduced PIC amplitude by ϳ30% from 179.6 Ϯ 54 to 124.8 Ϯ 35 pA and depolarized PIC onset by 20.5 Ϯ 9 mV from Ϫ54.9 Ϯ 7 to Ϫ34.4 Ϯ 11 mV (Fig. 5A3) . Of 49 EGFP ϩ neurons recorded with TTX, the onset of Ca-PIC was measured as Ϫ40.2 Ϯ 19 mV, amplitude was 75.0 Ϯ 52 pA, and peak voltage was Ϫ9.1 Ϯ 17 mV. The half-maximum activation of Ca-PIC was Ϫ24.8 Ϯ 11 mV, activation rate was 4.5 Ϯ 3 mV, and time constant was 593.4 Ϯ 203 ms (see Table 1 for details).
Na-PIC IN EGFP
ϩ NEURONS. Similar to the recording of Ca-PIC, the Na-PIC was recorded with administration of 20 -30 M DHP blockers (nifedipine, nimodipine, or isradipine). In most of experiments, the DHP blockers were administered to the recording solution as the background condition. In some experiments, however, PIC was recorded first in the normal solution and the Na-PIC was recorded later after bath application of DHP blockers. In this case, both composite PIC and Na-PIC were recorded from the same neuron. Figure 5B is such an example, where PICs were induced by a family of voltage ramps in both control and DHP conditions (Fig. 5B1) ; 30 M nimodipine reduced PIC amplitudes by 66% on average (64, 66, and 67% for the 3rd, 4th, and 5th PIC, respectively; Fig.  5B2 ) and depolarized PIC onsets by 7.3 mV on average (8.5, 7.4, and 6.0 mV for the 3rd, 4th, and 5th PIC, respectively). In general, bath application of DHP blockers reduced PIC amplitude and depolarized PIC onset. The amount of these changes induced by DHP blockers was not dependent on the voltage ramps (see Fig. 5B2 for changes in PIC amplitude). Results from eight EGFP ϩ neurons show that DHP blockers significantly reduced PIC amplitude by ϳ35% from 124.5 Ϯ 37 to 81.3 Ϯ 50 pA and depolarized PIC onset by 4.1 Ϯ 4 mV from Ϫ59.6 Ϯ 8 to Ϫ55.4 Ϯ 10 mV (Fig. 5B3) . In a total of 17 EGFP ϩ neurons recorded with DHP blockers, the Na-PIC was activated at Ϫ46.8 Ϯ 16 mV with amplitude of 73.2 Ϯ 48 pA and peak voltage of Ϫ11.7 Ϯ 12 mV. The half-maximum activation of Na-PIC was Ϫ28.5 Ϯ 7 mV, activation rate was 5.0 Ϯ 2 mV, and time constant was 549.5 Ϯ 154 ms (see Table  1 for details).
Different PIC components
The multiple components of PICs are summarized in Table  1 . Significant differences in these components were tested with ANOVA. Statistical analysis indicates that the composite-PIC, Ca-PIC, and Na-PIC are significantly different (P Ͻ 0.00005) in voltage activation (V o and V mid ) and peak voltage (V p ) but not in amplitude, activation rate, and time constant. These results suggest that the differences in PICs are more observable (or testable) in voltage dependency than any other parameters of the PICs in EGFP ϩ neurons. The major differences are shown in Fig. 6 . In all three PICs, the composite PIC (white bars in Fig. 6A ) activated at the most hyperpolarizing voltage (Ϫ56.7 Ϯ 8 mV), with the largest amplitude (85.3 Ϯ 59 pA) and the lowest peak voltage (Ϫ21.4 Ϯ 13 mV), whereas the Ca-PIC (black bars) activated at the most depolarizing voltage (Ϫ40.2 Ϯ 19 mV) with the highest peak voltage (Ϫ9.1 Ϯ 17 mV) and almost the same amplitude (75.0 Ϯ 52 pA) as that of (A and B) by a family of voltage ramps (bottom traces in A1 and B1) in both control (top traces in A1 and B1) and drug conditions (middle traces in A1 and B1). The 1st 2 ramps generated only passive response from leak currents in these 2 neurons but the 3rd to 5th ramps successively induced 3 PICs, which were marked with 3, 4, and 5 under the PIC traces with corresponding to the ordinal numbers of the voltage ramps (1-5 on the peak of ramps). A: Ca-PIC was differentiated from composite PIC (A1). Bath application of 5 M TTX reduced PIC amplitudes by 26% on average (22, 24, and 33% for the 3rd, 4th, and 5th PIC, respectively) and depolarized the PIC onsets by 11.6 mV on average (12.6, 11.3, and 10.7 mV for the 3rd, 4th, and 5th PIC, respectively). The amplitudes of the 3 PICs measured in control and TTX conditions are shown in A2, where the amount of PIC reduction by TTX (distance between the lines of control and TTX) was not shown to be voltage dependent (i.e., not related to the slopes of voltage ramps). Statistical results from 5 EGFP ϩ neurons show (A3) that TTX significantly reduced PIC amplitude by ϳ30% from 179.6 Ϯ 54 (gray bar) to 124.8 Ϯ 35 pA (black bar) and depolarized PIC onset by 20.5 Ϯ 9 mV from Ϫ54.9 Ϯ 7 (gray bar) to Ϫ34.4 Ϯ 11 mV (black bar). B: Na-PIC was differentiated from composite PIC (B1); 30 M nimodipine reduced PIC amplitudes by 66% on average (64, 66, and 67% for the 3rd, 4th, and 5th PIC, respectively) and depolarized PIC onsets by 7.3 mV on average (8.5, 7.4, and 6.0 mV for the 3rd, 4th, and 5th PIC, respectively). The amplitudes of PICs measured in control and nimodipine conditions are plotted in B2, which shows that the amount of PIC reduction by nimodipine (distance between the lines of control and nimodipine) was not voltage dependent. Statistical results from 8 EGFP ϩ neurons show that 20 -30 M dihydropyridine (nifedipine, nimodipine, or isradipine) significantly reduced PIC amplitude by ϳ35% from 124.5 Ϯ 37 to 81.3 Ϯ 50 pA and depolarized PIC onset by 4.1 Ϯ 4 mV from Ϫ59.6 Ϯ 8 to Ϫ55.4 Ϯ 10 mV (B3).
the Na-PIC (73.2 Ϯ 48 pA). Na-PIC (gray bars) fell between the composite PIC and Ca-PIC in onset and peak voltage. The kinetics of the three PICs was significantly different in the half-maximum activation but not the rate for activation (Fig.  6B ). Differences were also observed in time constant of the three PICs with the biggest one in composite PIC (657 Ϯ 272 ms) and the least one in Na-PIC (549.5 Ϯ 154 ms). However, this difference was not significant. The overt difference in both voltage dependency and ionic basis could have functional significance in regulation or modulation of the PICs in EGFP ϩ neurons and provide the motor system with multiple means to control the output such as locomotion.
Distribution of EGFP ϩ neurons with composite-, Ca-, and Na-PIC
In Fig. 4 , we showed that the composite PIC is widely expressed in spinal ventral neurons located in lamina VII, VIII, and X. The same conclusion is true for Ca-PIC and Na-PIC in EGFP ϩ neurons. In this study, we labeled some EGFP ϩ neurons with intracellular lucifer yellow during the recordings (see METHODS). Images of these neurons were used to study the neuronal morphology and lamina distribution. An example is shown in Fig. 7A , where an EGFP ϩ neuron expressing the composite PIC was labeled in lamina X (marked with arrow in left panel). The neuron had a pyramid shaped soma with multiple stem dendrites (right panel). The composite PIC recorded from 21 EGFP ϩ neurons is shown in Fig. 7B . The Ca-PIC from 18 and Na-PIC from 9 EGFP ϩ neurons are shown in Fig. 7C . The illustrations of crosssections of mouse spinal cord are based on our recent study in Cfos-EGFP mice (Dai et al. 2009b ). These results clearly show that the composite-, Ca-, and Na-PICs can be expressed in any area of the spinal ventral horn. Unlike the differences in PIC properties (e.g., voltage dependency), which have been shown to be correlated with PIC components and lamina distributions Vo (mV) Amplitude ( ϩ neurons displaying PIC are plotted in the cross-section of mouse spinal cord. The illustration shows that PIC neurons (F) can be found in any lamina (VII, VIII, and X) of the target areas. C: distribution of EGFP ϩ neurons expressing the Ca-PIC (n ϭ 18) and Na-PIC (n ϭ 9) are shown in the same cross-section (E, Ca-PIC; F, Na-PIC). This illustration indicates that neurons with Ca-PIC and Na-PIC are widely distributed in ventral horn and can be found in any areas crossing lamina VII, VIII, and X. (Table 1) , the expression of PICs in EGFP ϩ neurons does not seem to be correlated with the laminar distribution of the neurons. These results suggest that PICs should be a universal ionic device distributed in spinal ventral neurons. They might not be identified by anatomic location in spinal cord, but they could be differentiated on an ionic basis and distinguished by dynamic properties that are localized with neuronal distribution. The functional significance of this ionic organization remains unclear.
5-HT modulation of PIC
One of the important properties of PIC is its ability to be modulated by neurotransmitters such as 5-HT. In spinal neurons, PIC has been shown to be enhanced by 5-HT in many studies. In this study, we showed that activation of serotonergic receptors in EGFP ϩ neurons enhances PIC by hyperpolarizing PIC onset and/or increasing PIC amplitude. Table 2 . These results show that 5-HT hyperpolarized the PIC onset by 4.2 Ϯ 6 mV and increased PIC amplitude by 11.2 Ϯ 23 pA (ϳ16% increase from control) with no substantial change (Ͻ1 mV) in peak voltage. However, if we looked further at the details of 5-HT modulation of PIC, three major patterns of the modulation could be classified. As shown in Fig. 8 , the first pattern was a hyperpolarization of PIC onset and an increase of PIC amplitude (Fig. 8A) . About 53% of the EGFP ϩ neurons (17/32) were modulated by 5-HT in this pattern. Results from 17 EGFP ϩ neurons show that 5-HT hyperpolarized the PIC onset by 6.4 Ϯ 6 mV and increased the amplitude by 19.5 Ϯ 24 pA (ϳ28% increase). The second pattern was observed as an increase of PIC amplitude with no substantial change (or change Ͻ2 mV) in PIC onset (Fig. 8B) . This pattern accounts for ϳ28% of the EGFP ϩ neurons (9/32). In a total of nine neurons, 5-HT increased the amplitude by 20.8 Ϯ 22 pA (ϳ26% increase), with only 1.7 mV hyperpolarization in PIC onset. The third pattern can be described as a hyperpolarization of PIC onset with no change (or change Ͻ5 pA) in PIC amplitude (Fig. 8C) . This pattern accounts for 19% of the EGFP ϩ neurons (6/32). Averaged values from the six neurons show that 5-HT hyperpolarized the PIC onset by 8.7 Ϯ 5 mV with only 1.7 Ϯ 3 pA (ϳ3%) increase in PIC amplitude. In all three patterns, changes induced by 5-HT in peak voltage (V p ) are small (Ͻ1.5 mV) and not significant. Details of the results are shown in Table 2 .
5-HT MODULATION OF PIC WITH LAMINAR DISTRIBUTION. In Table  1 , we showed that some properties of PIC are correlated with neuronal lamina distribution. Here, we further ask whether 5-HT modulation of PIC is also related to the distribution of the neurons. To answer this question, we reclassify our data into neuronal laminae (Table 2) . Results from the same 32 EGFP ϩ neurons showed that 5-HT hyperpolarized the PIC onset in lamina VII (4.4 Ϯ 5 mV), VIII (5.4 Ϯ 4 mV), and X (3.6 Ϯ 6 mV). No correlation was found between the modulation of voltage dependency and laminar distribution of the neurons. In contrast, however, 5-HT modulation of PIC amplitude was shown to be related to the neuronal distribution. The effect of 5-HT on PIC amplitude was found to be much stronger in the neurons of lamina VII than any other laminae (VIII and X). 5-HT increased PIC amplitude by 32% (26.9 Ϯ 30 pA, P Ͻ 0.05) in lamina VII neurons, whereas the increment of PIC amplitude was only 6% (4.6 Ϯ 17 pA) in lamina VIII and 14% (8.3 Ϯ 20 pA, P Ͻ 0.05) in lamina X. 5-HT displayed the strongest effect on PIC amplitude in lamina VII neurons and the lightest effect in lamina VIII neurons. These results show a distribution-related, variable modulation of PIC by 5-HT in EGFP ϩ neurons. Table 1 for abbreviations. example is shown in Fig. 9 . A plateau potential was evoked by a current bi-ramp (10 s duration and 100 pA peak) in an EGFP ϩ neuron (Fig. 9A1) . The plateau potential was induced at about Ϫ45 mV in the ascending phase of the current ramp in control. The action potential was overwhelmed by the plateau potential in this neuron because of the slow depolarization of membrane potential and blockade of potassium conductances (see METHODS). When the current ramp went down in the descending phase, the plateau potential displayed a voltagedependent drop (arrow in Fig. 9A1 ) and terminated at the end of the ramp. A 3-s current step with 20 pA increment elicited a brief firing in the same neuron (Fig. 9B1) . Note that the wide spikes were caused by the blockade of potassium conductances. Bath application of 15 M 5-HT did not alter the onset voltage for induction of the plateau potential in this neuron but turned the plateau potential to a noninactivating state (Fig.   9A2 ) and transformed the brief firing to a long-lasting plateau potential (Fig. 9B2) . The plateau potentials were dramatically facilitated by 5-HT in this neuron. This enhancement (extension) of the plateau potential was observed in two of three EGFP ϩ neurons recorded with 5-HT (15-20 M) in currentclamp protocol. These results showed that 5-HT increased neuronal excitability by facilitation of plateau potentials in EGFP ϩ neurons.
5-HT ENHANCEMENT OF Ca-AND Na-PICS. 5-HT enhancement of Ca-and Na-PICs has been reported previously in many types of neurons. The similar enhancement of the PICs is also observed in EGFP ϩ neurons. Examples from two EGFP ϩ neurons are shown in Fig. 10 . Similar to the modulation of composite PIC, 5-HT hyperpolarized the onset voltage and/or increased the amplitude of both Ca-PIC (Fig. 10A1 ) and neurons. An EGFP ϩ neuron was recorded in current-clamp protocol with blockade of potassium currents. A: plateau potential was evoked by a 10 s current bi-ramp with peak of 100 pA (A1). The plateau potential showed a voltage-dependent drop in the descending phase of the ramp (arrow) and terminated at the end of the ramp. Bath application of 15 M 5-HT enhanced the plateau potential and turned it into a persistent, noninactivating state (A2). B: repetitive firing was also elicited by a 3 s current step with 20 pA increment in the same neuron (B1). 5-HT transformed the brief firing to a noninactivating plateau potential (B2). Na-PIC (Fig. 10B1) . Of six EGFP ϩ neurons recorded with TTX ( Fig. 10A2) , 5-HT lowered the onset of the Ca-PIC by 5.3 Ϯ 7 mV (from Ϫ43.3 Ϯ 13 to Ϫ48.6 Ϯ 14 mV; P Ͻ 0.03) and increased the amplitude of the Ca-PIC by ϳ15% (8.6 Ϯ 11 pA increased from 57.5 Ϯ 21 pA; P Ͻ 0.02), whereas in a total of four EGFP ϩ neurons recorded with DHP blockers (Fig.  10B2) , 5-HT hyperpolarized the onset of the Na-PIC by 3.4 Ϯ 3 mV (from Ϫ47.6 Ϯ 12 to Ϫ50.9 Ϯ 13 mV; P Ͻ 0.05) and increased the amplitude of the Na-PIC by ϳ35% (12.1 Ϯ 7 pA increased from 34.6 Ϯ 13 pA; P Ͻ 0.02). These results show that both Ca-and Na-PICs are enhanced by 5-HT in EGFP ϩ neurons. The correlation between the modulatory properties of PICs and the lamina distribution of the EGFP ϩ neurons was not tested in this study because of limited samples.
NEGATIVE EFFECT OF 5-HT ON PIC. Null or depressant effects of 5-HT on PICs were observed in a small portion of the EGFP ϩ neurons. This negative effect of 5-HT includes depolarization of PIC onset and a reduction of PIC amplitude (n ϭ 2) or no substantial changes in both PIC onset and amplitude (n ϭ 3). In total of 37 EGFP ϩ neurons, this depressant effect of 5-HT on PICs was observed in 5 of them, which is ϳ13% of the neurons (note these 5 neurons were not included in the results in Table 2 ). The serotonin-induced reduction of the voltagedependent calcium current was also observed in mouse spinal commissural interneurons (Díaz-Ríos et al. 2007 ). The mechanism underlying the negative effect of 5-HT on PIC is unclear.
D I S C U S S I O N
We studied the PIC in locomotor-activated spinal interneurons in this study. We characterized PICs on the basis of their electrophysiological and ionic properties. We further studied the modulation of composite, calcium, and sodium PICs by 5-HT. Our study showed that activation of 5-HT receptors in EGFP ϩ neurons enhances PICs by hyperpolarizing PIC onset and/or increasing PIC amplitude (conductance).
Various patterns of PIC
The s-PIC was first shown in EGFP ϩ neurons in this study. Based on the voltage protocol (see METHODS), the s-PIC was different from the a-PIC in the slope of voltage ramp for PIC induction but not the voltage for PIC activation. The unique slope of 12 mV/s for s-PIC induction suggested that this critical rate of rising voltage could depolarize the membrane potential high enough to activate the PIC conductance but low enough to minimize the leak currents in EGFP ϩ neurons. The mechanism underlying this unique property of s-PIC remains unknown. The difference between the onset and offset of s-PICs resulted in a variable hysteresis of s-PIC in EGFP ϩ neurons (Fig. 2,  insets) . The counterclockwise hysteresis of the left-centered s-PIC (Fig. 2C, inset) indicated that an early inactivation of the s-PIC occurred before the peak of voltage ramp, whereas the clockwise hysteresis of the right-centered s-PIC (Fig. 2D,  inset) implicated that the activation of the s-PIC was prolonged after the peak of voltage ramp. In contrary to the unsymmetrical s-PICs, no substantial hysteresis was found in the symmetrical s-PICs (Fig. 2, A and B) , suggesting that the voltage dependence and time constant for activation of the symmetrical s-PICs were almost the same as those for inactivation in EGFP ϩ neurons. The functional role of the s-PIC is unknown. However, PICs have been shown to be responsible for various discharge patterns (full or partial bistability, 4 types of firing profiles, sustained afterdischarge, prolonged derecruitment, etc.) in the repetitive firings induced by current ramps (Bennett et al. 2001; Button et al. 2008; Harvey et al. 2006c; Hounsgaard et al. 1988a,b; Lee and Heckman 1998a,b) . With special form of PICs and typical patterns of PIC hysteresis, the s-PIC could be an alternative mechanism underlying the different discharge patterns in spinal neurons.
In addition to the s-PIC, we also showed six patterns of PIC in EGFP ϩ neurons. These patterns could be potential mechanisms underlying the nonlinear membrane property for regulating the neuronal output or excitability. In general, activation of PIC in spinal neurons induces plateau potentials and bistable firing (Bennett et al. 2001; Dai et al. 2009b; Hounsgaard and Mintz 1988; Hounsgaard et al. 1984 Hounsgaard et al. , 1988b Lee and Heckman 1998a; Li and Bennett 2003; Li et al. 2004) , amplifies synaptic input (Hultborn et al. 2003; Lee and Heckman 2000; Powers and Binder 2000; Prather et al. 2001) , and increases firing frequency (Bennett et al. 1998b; Lee and Heckman 1998b) . As one of the important properties, the bistable (or self-sustained) firing is dependent on the hysteresis of PIC and the voltage difference between the onset of a-PIC (V o ) and offset of d-PIC (V f ). PIC with clockwise hysteresis (Fig. 3, B, D, and E) and/or positive V o Ϫ V f (Fig. 3E) are major mechanisms underlying the bistable firing. In EGFP ϩ neurons, this property of PIC only accounts for ϳ12% of the neurons (n ϭ 106). Most of the neurons (74%), however, are shown as the first pattern (Fig.  3A) or more generally, ϳ90% of the neurons display PIC with counterclockwise hysteresis (Fig. 3A, C, and F) . These results suggest that the majority of EGFP ϩ neurons possess a nonlinear membrane property intrinsically for induction of plateau potential, but this property may not allow them to generate bi-stable firing in normal physiological conditions. Modulation of PIC is required to induce self-sustained firing in these neurons. This modulation could be a facilitation of plateau potential by monoamines such as 5-HT (Fig. 9) or an enhancement of PIC by a potentiator such as FPL64176 (Dai et al. 2009b) . It is unclear what mechanisms are responsible for the six patterns of PIC and what functional roles they could play in generation of locomotion.
Multiple components of PIC and functional significance
PICs can be differentiated on the basis of sodium and calcium components in EGFP ϩ neurons. The major difference between these two components in EGFP ϩ neurons is their activation voltage rather than amplitudes (Table 1) . The difference in onset of Ca-and Na-PIC could result from their difference in ionic basis. It is generally accepted that at least part of Na-PIC was generated from the inactivation of transient sodium currents (Crill 1999) . This would allow Na-PIC to activate at lower voltage than Ca-PIC because the inactivation of transient sodium currents could occur at very low membrane potential (even lower than the spike threshold) when a slow voltage ramp was applied to the neurons. As shown in this study, the onset of Na-PIC was shown to be ϳ6 mV lower than that of Ca-PIC (Table 1) . We also noticed that Ͼ10 mV difference was obtained between the onset of composite PIC and onset of Ca-and Na-PIC. This difference could be caused by the nonlinear subtraction of Ca-and Na-PICs from composite PIC. Although composite PIC was subtracted by one of the two components (i.e., blocked by TTX or DHP), the reduction of PIC could induce a substantial decrease in subthreshold inward currents mediated by these two currents and thus depolarized the onset for the remaining component. The large amount of onset depolarization suggested that this subtraction of inward currents within subthreshold range was nonlinear. Depending on the ionic basis and channel mechanism, the amount of this onset depolarization could be as high as 16 mV for Ca-PIC and 10 mV for Na-PIC in EGFP incomplete space clamp was a problem for almost all studies using whole cell patch-clamp techniques. The poor space clamp could result in an overestimation of PICs and thus potentially contribute to the inconsistent results of PIC properties in EGFP ϩ neurons, especially in large-size neurons recorded independently for composite-, Ca-, and Na-PIC. Finally, however, the paradoxical results could also suggest that, in addition to the TTX and DHP sensitive PICs, the composite PIC might contain an unknown component that was insensitive to both TTX and DHP. In fact, our recent studies have confirmed the existence of such a current in EGFP ϩ neurons (Dai and Jordan 2007, 2008) . The data of systematically characterizing this current will be published soon.
5-HT modulation of composite PIC
5-HT enhancement of PIC or facilitation of plateau potential has been reported in spinal or brain stem motoneurons in many studies (Hounsgaard et al. 1988a; Hsiao et al. 1998; Paroschy and Shefchyk 2000) . Consistent with these reports, we showed in this study that activation of serotonergic receptors in EGFP ϩ neurons facilitated induction of plateau potential (Fig. 9 ) and enhanced PIC (Fig. 8) , We further showed three patterns of 5-HT modulation of PIC in EGFP ϩ neurons (Table 2) . These different patterns might implicate different mechanisms or ionic bases underlying the modulation of PICs by 5-HT. The first pattern (i.e., hyperpolarization of PIC onset and increase of PIC amplitude) suggested that the enhancement of PIC might be mediated by modulating both the gating property (voltage dependency) and channel availability (maximal conductance). This pattern displayed the strongest effect of 5-HT on PIC and was observed in more than one half of the EGFP ϩ neurons (17/32). The second pattern (i.e., increase of PIC amplitude) indicated a different enhancement of PIC through the modulation (increase) of opening probability of the PIC channels with the gating property remaining unchanged. In contrast to the second pattern, however, the third pattern (i.e., hyperpolarization of PIC onset) showed the enhancement of PIC by modulation of the gating property with channel availability unchanged. Although the significant changes induced by 5-HT were only observed in PIC amplitude in the second pattern and PIC onset in the third pattern, the amount of these changes was not significantly different from that of the corresponding changes in the first pattern (see Table 2 for details). These results suggest that the mechanisms underlying 5-HT modulation of the gating property and channel availability are independent of each other in EGFP ϩ neurons. Activation of either or both mechanisms in EGFP ϩ neurons does not alter the effect of the individual mechanism on PIC. These modulatory properties of PIC could be used selectively by the motor system to regulate neuronal excitability and to control the output for different motor tasks.
In addition to the three patterns of modulation, our results also showed a distribution-related 5-HT modulation of PIC amplitude in EGFP ϩ neurons. 5-HT displayed the strongest effect on PIC amplitude in lamina VII neurons and the lightest effect in lamina VIII neurons, whereas the effect of 5-HT on PIC onset was not substantially different in the neurons crossing lamina VII, VIII, and X (Table 2 ). These results indicated that PICs in response to 5-HT were different in strength but similar in voltage dependency with respect to their laminar distribution. On the other hand, however, our results also showed that PIC in lamina VIII neurons activated significantly lower than in lamina VII and lamina X neurons (Table 1) . These results suggested that the behavior or output of EGFP ϩ neurons promoted by PICs was not only distribution related but also state dependent. These intrinsic and modulatory differences in neuronal distribution could reflect the functional difference of these neurons in participation of locomotor generation. In fact, EGFP ϩ neurons in lamina VII, VIII, and X were heterogeneous population and exhibited different intrinsic membrane properties (Dai et al. 2009b) including PICs. The laminar and intrinsic difference in these neurons provided them with potential mechanisms underlying different functional features regulated by motor system and modulated by neurotransmitters. The distribution-related, variable effects of 5-HT on PIC amplitude might be one of these features exhibited in EGFP ϩ neurons.
5-HT modulation of Ca-and Na-PIC
One of the important properties of PIC we demonstrated in this study is 5-HT enhancement of Ca- (Fig. 10A ) and Na-PIC (Fig. 10B) in EGFP ϩ neurons. This enhancement has been reported in spinal and brain stem motoneurons for Ca-PIC (Delgado-Lezama et al. 1997; Hounsgaard and Kiehn 1989; Hounsgaard et al. 1988a; Hsiao et al. 1998; Li et al. 2007; Perrier and Delgado-Lezama 2005; Perrier and Hounsgaard 2003) and Na-PIC (Harvey et al. 2006a,b; Hsiao et al. 1998 ). Similar to the modulation of composite PIC, 5-HT enhancement of Ca-and Na-PIC in EGFP ϩ neurons is shown as a hyperpolarization of PIC onset and/or increase of PIC amplitude (Fig. 10) . The hyperpolarization of composite PIC onset (Ϫ4.2 Ϯ 6 mV) is similar to that of Ca-PIC (Ϫ5.3 Ϯ 7 mV) and Na-PIC (Ϫ4.3 Ϯ 3 mV). However, the increased proportion of composite PIC amplitude (16%) is almost the same as that of Ca-PIC (15%) but different from Na-PIC (35%). These results suggested that the macro response of composite PIC to 5HT was not simply a linear summation of the responses from Na-and Ca-PICs. The amount of 5HT-increased proportion from Na-PIC in composite PIC might be compressed in EGFP ϩ neurons. Therefore the response of PIC to 5-HT, PIC conductance in particular might be dominated by Ca-PIC in EGFP ϩ neurons. The three patterns of the modulations are also observed in the neurons crossing lamina VII, VIII, and X. Because of limited samples (6 for Ca-PIC and 4 for Na-PIC), we did not further correlate the 5-HT-induced changes in Ca-and Na-PIC to the modulation patterns and laminar distributions in this study. The functional properties of serotonergic modulation of Ca-and Na-PIC were not investigated in this study either. However, these properties have been reported by many studies in many species: whereas modulation of Ca-PIC by 5-HT promoted induction of plateau potential and self-sustained firing in cat (Hounsgaard et al. 1988a) , turtle (Hounsgaard and Kiehn 1989), guinea pig (Hsiao et al. 1998) , and rat ( Li et al. 2007 ) spinal and trigeminal motoneurons, the same modulation of Na-PIC was shown to facilitate the repetitive firing in spinal motoneurons of rats with or without chronic spinal cord injury (Harvey et al. 2006a,b) . These studies showed different functional features regulated by Ca-and Na-PIC and modulated by 5-HT in different neurons. In EGFP ϩ neurons, however, further studies are needed to address this issue.
